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Metastable II-VI material
for new  opto devices
A group of researchers at Heriot-Watt
University has succeeded in developing a new
growth method for the heteroepitaxial growth
of thin films of magnesium sulphide on GaAs
substrates. Previously  impractical the devel-
opment now opens the way to an exciting new
family of materials and devices based on this
II-VI compound semiconductor.
In a project funded by ESPRC, under the
leadership of Prof Brian Cavenett and Dr
Kevin Prior, the Heriot-Watt team has
modified a standard MBE growth process
to grow MgS and MnS films. For various
reasons, mostly relating to the difficulty
in preparing them, these materials are
not amongst the well-known II-VI semi-
conductors used in today’s devices.
A perusal of the literature will reveal
numerous accounts of research studies of
II-VI semiconductors and many of these
will detail heteroepitaxial growth of
materials on III-V substrates. This has
been due, for the most part, to the lack
of suitable II-VI substrates, even though
these are now beginning to enter com-
mercial arena, most notably zinc oxide
which is finding favour with short wave-
length light emitters. Such papers are
revealing more and more of the potential
of the II-VI family of compounds.The
main interest in II-VIs therefore is in on
going technological developments, such
as refinements of growth techniques and
device fabrication.
It is in this context that an ESPRC sup-
ported research programme has yielded a
new yet simple process modification for
the growth of II-VIs. Namely, via the use
ZnS as a sulphur source, Heriot-Watt has
demonstrated that two compounds,
which normally adopt the rocksalt 
structure, MgS and MnS, can be grown in
the zinc blende structure.The growth
and properties of these ‘metastable’ sul-
phides was reviewed at the recent 11th
International Conference on II-VI
Compounds at Niagara* in September
2003, where the Heriot-Watt paper was
very well received.
Any crystal structure adopted by a com-
pound with energy higher than the low-
est energy structure, is a ‘metastable’
structure. Using the example of carbon,
the graphite form is stable, whereas the
diamond form is metastable. In II-VI semi-
conductors, both CdSe and CdS can be
grown in the stable wurtzite form, or in
the zinc blende form, which is a
metastable crystal structure.The II-VIs
have a much greater range of possible
ionicities, plus the compounds are almost
lattice matched to GaAs and ZnSe.
History of MgS
MgS is an interesting material for a vari-
ety of reasons. but has been nowhere
nearly as popular as its counterparts,
such as the ZnSe based alloys used to
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Figure 1. AFM image showing that the MgS layer is completely smooth. Quantum dots grown on ZnSe
produce a blotchy layer, as is well documented in the literature. There is a high background of ZnCdSe
‘Fractional Monolayer’ quantum dots which form first, well before the SK dots get started. This is a
classic feature of the ZnSe/CdSe system, says the Heriot-Watt team, but it all disappears with the
MgS/CdSe system. It is likely that the two materials are not miscible.
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develop the first blue lasers in the early
1990s.This is probably the only time that
II-VI based devices have hit  headlines.
The Heriot-Watt Group developed
Europe’s first blue quantum well
ZnSe/ZnCdSe lasers and demonstrated II-
VI quantum confined effect optical mod-
ulators. More recently the group has con-
centrated on wide bandgap UV materials
and grown high quality ZnMgS/ZnS and
MgS/ZnSe quantum wells, which show
huge exciton binding energies. The cur-
rent programme involves the growth and
fabrication of II-VI spintronics structures,
wide bandgap sulphides and ferromag-
netic sulphides.The Group has excellent
structural, electrical and optical charactri-
sation facilities, which they have also
recently applied to oxide semiconduc-
tors such as ZnO. Heriot-Watt is one of
the many European university depart-
ments participating in the SOXESS collab-
orative project under the auspices of the
European Commission Research
Directorate-General. (see SOXESS goes to
work on Zno.).
Heriot-Watt and most other labs no longer
work in the area of II-VI coherent emit-
ters, thanks to the resurgence of interest
and success of the III-nitrides. However
that does not mean that research into II-VI
has been abandoned, as the good turnout
at the recent International II-VI confer-
ence proved. H-W has a long history of
success in this area and has been able to
come up with many useful techniques
with commensurately good results.
The latest of these is the developmental
MgS work, which as we shall see shows
promise for other related materials; for
example, heteroepitaxial growth of tran-
sition metal sulphides on InP or GaP.
Why the interest in MgS? One of the rea-
sons is its potential for incorporation into
structures of interest. MnS and MgS have
similar lattice constants and low strains to
GaAs and ZnSe.This means that integration
into complex multilayer structures should
be straightforward. But MnS has a Type II
band offset with ZnSe, which limits its use-
fulness. In contrast, MgS has useful proper-
ties such as a very large bandgap (ca. 5eV)
so it forms a Type I barrier material with
most other II-VI compounds.
Another key distinguishing property is
that MgS appears to be immiscible with
either ZnSe or CdSe. Interfaces between
MgS and other materials are therefore
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SOXESS goes to work on ZnO
SOXESS - ‘Semiconductor oxides for
UV optoelectronics, surface acoustics
and spintronics’ is a coordinated
European network dedicated to the
preparation and investigation of crys-
tals and layers of ZnO. This includes
the alloys with Cd, Mg and X (X being
transition elements like Mn, Co, Cr, V,
Ni, Fe) exhibiting unique physical
properties from materials growth
through to the realisation of simple
devices. Composed of eighteen labo-
ratories from nine countries, the proj-
ect represents considerable depth
and breadth of knowledge in this
area of II-VI compound semiconduc-
tors Europe-wide. It encompasses
growth of bulk crystals for substrates,
epitaxial deposition of ZnO and the
aforementioned related alloy het-
erostructures, as well as p-type dop-
ing to fabricate pn-junctions for opto
electronic and spintronic devices. 
It has a particular emphasis on the
physical, structural and chemical
characterisation of materials.
During the 3-year project, the first
year will be dedicated to the growth
of bulk crystals and epitaxial films,
the essential objective being the
homoepitaxial growth of ZnO. The
second year will be dedicated to the
key issue of doping, using simple
doping with chosen elements, and
co-doping following a theoretical
approach developed by CNRS/UVSQ
/LPSC Meudon, France. During the
third year, simple devices, mainly in
the domains of optoelectronics at
short wavelength and spintronics,
will be realised and assessed.
Of paramount importance will be the
resolution of the issue of practical p-
type doping. The target is for a p-
type doping level in the 1018 -1019
cm-3 range. The other main goals in
the network have been set down as 
• Production of 14 mm diameter ZnO
substrates, 
• Homoepitaxial growth of ZnO layer
of high quality (FWHM rocking-curve
~ 20 arcsec.) and
• Realisation of some simple devices,
mainly laser diodes working in the
UV. 
The first SOXESS workshop on ZnO
was held in Autrans, France, in
September, 2003.
Notably, SOXESS includes Europe’s
first ZnO-dedicated start-up compa-
ny Nanovation SARL which will be
contributing its expertise in pulsed
laser growth and device technology.
Nanovation SARL has an R&D centre
in the science park of the University
of Versailles. Formed in March 2001
it has the primary objective of
developing, fabricating and com-
mercialising new ZnO thin films. Its
focus includes high quality ZnO
buffer layers to reduce the crystallo-
graphic and/or thermal mismatch
between GaN films and various com-
monly used substrate materials.
Secondly it will address the develop-
ment of conductive p-type doped
ZnO (and all-ZnO p-n junctions) for
use in optoelectonic applications
such as blue/UV LEDs and LDs.
Conference websites include:
http://www.physics.buffalo.
edu/II-VI_2003/
SOXESS workshop website:
http://soxess.uv.es/
soxess_workshop.htm
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sharp.This effect is most noticeable in the
structures containing CdSe quantum dots.
The strain between CdSe and the other
materials is similar to that between InAs
and GaAs, and in much the same manner,
quantum dots can be formed. However,
other groups have demonstrated that the
growth of CdSe on ZnSe does not 
proceed initially by the normal Stranski-
Krastanow process. Instead, the CdSe
deposited initially reacts strongly with the
ZnSe and forms flat plate-like fractional
monolayer quantum dots at a very high
density. The normal quantum dots form
later on top of these initial dots.The
Heriot-Watt team found that because the
MgS and CdSe do not mix, the system is
much “cleaner”and forms quantum dots
in a way which is much closer to the III-
Vs. The difference between the two sys-
tems is shown in the AFM photos, where
the fractional monolayers show up as a
mottled background.
The huge confinement possible using
MgS barriers has been exploited by the
Heriot-Watt group. They have shown
that CdSe emission can be tuned from
1.7 to 3.7eV for layers only 1ML thick.
The CdSe quantum dots show excitonic
recombination and at high pump powers
the formation of biexcitons, which are
stable at room temperature. Interest has
been expressed in other systems show-
ing biexcitons for single photon sources.
In addition to layers containing ZnSe or
CdSe quantum wells or dots, Heriot-Watt
has been able to grow structures of the
form MgS/MnS/MgS. This was done to
demonstrate that growth was possible of
structures where all the layers are
metastable. Heriot-Watt says that this 
particular structure cannot be grown by
any other method. X-ray diffraction spec-
tra indicate that the layers are of good
crystallinity and show no degradation.
Compound sources
Other techniques such as MOCVD and
conventional MBE have been applied to
these materials with varying degrees of
success. Heriot-Watt naturally chose MBE
because this is their forte.
Previous work resulted in sparingly thin
epilayers of the sulphide. For example,
after only 50nm of MnS deposited by
conventional MBE the crystal structure
reverts to that of rocksalt. Using their
technique, layers of both compounds
over 130 nm thick can be grown, says
Heriot-Watt.
The process basically employs fairly stan-
dard equipment, which has been adapted
to suit the required conditions, notably
low background sulphur pressure.The
twin chamber VG Semicon V80H is fitted
with conventional K-cell elemental
sources for growth of ZnSe and CdSe. But
for the sulphide layers a K-cell incorpo-
rating high purity zinc sulphide com-
pound is used. There is no other source
of sulphur in the chamber. Another mod-
ification is a liquid nitrogen cooled shut-
ter to keep background sulphur as low as
possible.This stops sulphur leaking into
the chamber contaminating the substrate
Multilayers of various II-VI materials have
been grown. Growth conditions include a
temperature range of 230-270ºC and
growth is always on a thin ZnSe buffer
layer, not directly on GaAs. Basically these
comprise a buffer layer of ZnSe then the
MgS containing layers and then a capping
layer of ZnSe to prevent the MgS from
reacting with atmospheric moisture.
Characterisation of the samples grown
involved standard X-ray interference
(XRI) using a Bede instrument and 
Figure 2. The calculated lattice constants of zinc blende transition metal sulphides.
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atomic force microscopy (see Figure 1).
Refinement of the growth procedure
using feedback from these and other
characterisation methods has enabled
progressively thicker layers of high quali-
ty MgS and MnS to be grown.
Sacrificial layers
Another spin-off from this work has been
the development of a new lift-off tech-
nique. Because the MgS reacts with
water, forming MgO, a simple method
can be used to remove the underlying
GaAs. This is much like techniques
developed for SOI and GaN and could
have import for other types of devices.
Consequently, all samples have to be coat-
ed with an oxidation resistant cap and care
is taken not to expose them to moisture.
However, the capping layers need only to
be as thin as a few monolayers to still pro-
tect the underlying MgS for many months.
The extreme reactivity of MgS can be used
to advantage, however. Heriot-Watt has
demonstrated its use as a sacrificial layer,
which can be removed to separate the
substrate.They have found that MgS layers
only 65nm thick make good sacrificial lay-
ers and a weak acid is sufficient to remove
the MgS layer in only a few minutes.
Heriot-Watt found that transmission spectra
from samples showed no change in the
excitonic spectral features before and after
the treatment, indicating the method caus-
es no structural changes to the layers
grown above the MgS. As a result, the
method enables removal of the GaAs sub-
strate efficiently in a few minutes.Normally
sample preparation takes many days.
Future directions
Included in this future work is the appli-
cation of the growth and lift-off tech-
niques to other material systems. MgS is a
versatile material which can be used
either to confine carriers in quantum
wells and dots or as a sacrificial layer.
With this II-VI compound enormous con-
finement energies are possible.
The Heriot-Watt growth method has
great applicability to other compounds.
The team says that it is very amenable to
growth of other compounds based on
the first row of the transition metal 
sulphides.The technique should work
with any metal similar to Mn.
As shown in  Figure 2, horizontal lines at
the lattice constants of three common
substrate materials have been included:
InP, GaAs and GaP. Regions with lattice
constants lying within 1% of these val-
ues, which could be grown reasonably
easily in a strained form, are shown
marked with dashed lines. Based on this
simple calculation, Heriot-Watt expects
that apart from MnS, none of the com-
pounds will lattice match easily to GaAs,
but they have hopes that some will lat-
tice match to either GaP or InP.
Of particular interest is the compound
CrS, which appears to be a possible lat-
tice match to InP. This particular com-
pound has been identified as being a
promising candidate for room tempera-
ture ferromagnetism. Heriot-Watt’s new
growth technique should mean that zinc
blend CrS layers, grown on InP sub-
strates, are now practical. This is the
next compound which Heriot-Watt will
be attempting to grow using the new
method.
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Some recent II-VI news developments
II-VI  results mean chiefs get big bonuses 
II-VI Inc paid its top two executives significantly higher bonuses during its most recent fiscal year, as revenue and profit figures
posted sizable gains, according to Pittsburgh Business Times.The company paid Carl Johnson, its chairman and CEO, $261,000
salary during 2003 fiscal year, ended June 30, according to data in the company’s proxy statement. That was up 4% from
$251,000 from the year before. Meanwhile, II-VI paid president and COO Francis Kramer $238,000 in salary in 2003, a 3.5%
increase from $230,000 in 2002. The big increases came in bonuses paid to Johnson and Kramer. Johnson’s bonus jumped from
$89,000 in 2002 to $631,000 in 2003 and Kramer received a  $492,000 bonus in 2003 compared with $74,000 the year before.
Both received 10,000 stock options each for the year ended in June, after receiving none in the 2002 fiscal year. II-VI posted
impressive numbers in fiscal ‘03, revenue rising nearly 13% to $128m  from $113.7m in 2002. Net income rose 59% to $11.6 m
from $7.3m. On a per-share basis, II-VI earned 81c, well over Wall Street’s forecast of 76c.
Hybrid ferromagnetics  for spintronics              
Heterostructures that integrate conventional semiconductors with ferromagnetic semiconductors and ferromagnetic metals are
important for developing a framework for semiconductor spintronics.A study on ‘hybrid’ ferromagnetic/semiconductor het-
erostructures that combine III-V and II-VI with the ferromagnetic semiconductor (Ga,Mn)As and the ferromagnetic metal MnAs
is described.
The focus is on the characteristics of 2 novel classes of heterostructures: (Ga,Mn)As/AlAs/MnAs magnetic tunnel junctions that
provide an all-electrical scheme for probing spin injection from metals into GaAs and  n-ZnSe/(Ga,Mn)As heterojunction diodes
that exhibit a magnetically-driven photoconductivity. Solid State Communications 127 (2) 173-179 (July 2003) .
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